Novel, low-abundance microbial species can be easily overlooked in standard polymerase chain reaction (PCR)-based surveys. We used community genomic data obtained without PCR or cultivation to reconstruct DNA fragments bearing unusual 16S ribosomal RNA (rRNA) and proteincoding genes from organisms belonging to novel archaeal lineages. The organisms are minor components of all biofilms growing in pH 0.5 to 1.5 solutions within the Richmond Mine, California. Probes specific for 16S rRNA showed that the fraction less than 0.45 micrometers in diameter is dominated by these organisms. Transmission electron microscope images revealed that the cells are pleomorphic with unusual folded membrane protrusions and have apparent volumes of <0.006 cubic micrometer.
O ur understanding of the variety of microorganisms that populate natural environments was advanced by the development of polymerase chain reaction (PCR)-based, cultivation-independent methods that target one or a small number of genes (1) (2) (3) . Genomic analyses of DNA sequence fragments derived from multispecies consortia (4) (5) (6) and whole environments (7) (8) (9) have provided new information about diversity and metabolic potential. However, PCR-based methods have limited ability to detect organisms whose genes are significantly divergent relative to gene sequences in databases, and most cultivationindependent genomic sequencing approaches are relatively insensitive to organisms that occur at low abundance. Consequently, it is likely that low-abundance microorganisms distantly related to known species will be undetected members of natural consortia, even in low complexity systems such as acid mine drainage (AMD) (10) .
An important way in which microorganisms affect geochemical cycles is by accelerating the dissolution of minerals. For example, microorganisms can derive metabolic energy by oxidizing iron released by the dissolution of pyrite (FeS 2 ). The ferric iron by-product pro-motes further pyrite dissolution, leading to AMD generation. AMD solutions forming underground in the Richmond Mine at Iron Mountain, California, are warm (30°to 59°C), acidic (pH 0.5 to 1.5), metal-rich [submolar Fe 2+ and micromolar As and Cu (11) ] and host active microbial communities. Extensive cultivationindependent sequence analysis of functional and rRNA genes (11, 12) revealed that biofilms contain a significant number of Archaea, but the diversity reported to date has been limited to the order Thermoplasmatales (10) . Current models for AMD generation thus include only these species.
The genomes of the five dominant members of one biofilm community from the "5-way" region of the Richmond Mine (fig. S1) were largely reconstructed through the assembly of 76 Mb of shotgun genomic sequence (4). Previously unreported is a genome fragment that encodes part of the 16S rRNA gene of a novel archaeal lineage: Archaeal Richmond Mine Acidophilic Nanoorganism (ARMAN-1). Using an expanded data set that now comprises more than 100 Mb of genomic sequence, we reconstructed a contiguous 4.2-kb fragment adjacent to this gene. A second 13.2-kb genome fragment encoding a 16S rRNA gene from an organism that is related to ARMAN-1 (ARMAN-2) was reconstructed from 117 Mb of community genomic sequence derived from a biofilm from the A drift ( fig. S1 ). Within the data sets from each site, results to date indicate that each ARMAN population is near-clonal.
Comparison of the ARMAN-1 and -2 DNA fragments revealed some gene rearrangements, insertions, and deletions ( Fig. 1 ). Genes present in both organisms encode putative inorganic pyrophosphatases, a transcription regulator, and a gene shown to be an arsenate reductase (13) . Comparative analysis of these genes with sequences in the public databases consistently indicated that ARMAN-1 and -2 are representatives of a deeply branching lineage within Euryarchaeota with no cultivated representatives. The only other identified members of this lineage are uncultivated organisms from a hot pool (78°C, pH 7.5) with 85% similarity to ARMAN-2 ( Fig. 2) (14) , and organisms represented by clones from an acidic (pH 4.2 to 4.8) west Siberian peat bog [88% similarity to ARMAN-2 (15) ]. In both of these studies, atypical 16S rRNA gene primers were used.
The 16S rRNA genes of ARMAN-1 and -2 have three to five mismatches with commonly used broad-specificity primers (four mismatches with Arc-23F and Univ-1492R; table S1), which explains why these organisms were missed in previous PCR-based surveys (10) (11) (12) . The 16S rRNA genes both have 519base pair inserts that encode predicted proteins. The inserts (1102-1103 E. coli numbering) share protein-level similarity to each other (13) and have weak homology with a functionally characterized homing endonuclease encoded within the 16S rRNA gene of Aeropyrum pernix (16) . Excision of the inserts, probably at the bulge-helix-bulge ( fig.  S2 ), leaves complete and fully aligned rRNA genes. Insertion sequences (e.g., introns) in archaeal and bacterial rRNA genes are uncommon, although other instances have been reported in pathogens, symbionts, and the crenarchaeal orders Thermoproteales and Desulfurococcales (17) .
To further explore the diversity and distribution of ARMAN-like microorganisms, we designed primers that target the 16S rRNA and putative arsC genes of ARMAN-1 and -2, and applied them to samples collected from throughout the Richmond Mine (13) (fig. S1 ). The primers amplified 16S rRNA genes from a third previously undetected lineage, ARMAN-3, that are 18% divergent from ARMAN-1 and -2 (Fig. 2) . The ARMAN-3 organisms do not have inserts in their 16S rRNA genes. This observation, in combination with the relatively low similarity between inserts in the ARMAN-1 and -2 genes, suggests that insertion sequences were acquired after the divergence of the three groups. Both the arsC and 16S rRNA genes from an ARMAN-lineage organism were recovered from all samples tested, indicating that these organisms are present in most biofilms growing at the site. ARMAN group organisms are present in samples that differ significantly in habitat type (e.g., subaerial and subaqueous biofilms) and geochemical conditions (pH 0.5 to 1.5, temperature 30°to 47°C).
Fluorescently labeled oligonucleotide probes targeting the 16S rRNA (ARM980 and ARM1357) of all known ARMANlineage microorganisms enabled optical microscope-based visualization of the cells in the suite of biofilm samples (Fig. 3A) . The specificity of probe binding was verified using an archaeal-ARMAN (ARC915-ARM915) competitor probe set (13) . Notably, the cells labeled with the ARM probes are significantly smaller than other bacterial and archaeal cells in the samples. A filtration-based method was used to concentrate cells for ultrastructural characterization.
A biofilm from the A drift ( fig. S1 ) was homogenized, and the fraction of the biomass that passed through 0.45-mm filters was collected (13) . To verify that ARMAN-lineage organisms dominated the filtrate, we extracted genomic DNA and amplified the 16S rRNA genes with the ARMAN-, archaeal-, and bacterial-specific primers. Significant amplification product was obtained only with the ARMAN primers ( fig. S3 ). Cloning and sequencing of this amplification product (24 clones) revealed that the filtrate was dominated by ARMAN-2 organisms but contained some ARMAN-1 organisms. Cells in the filtrate were labeled with ARMAN-specific fluorescent probes (Fig. 3B) , and the resulting images were compared with those obtained from environmental samples (Fig. 3A) . The results confirm that ARMAN organisms are highly enriched by filtration (Fig. 3B) .
The filtrate was frozen under high pressure and cryo-substituted for transmission electron microscope (TEM)-based imaging of cell size and morphology (13) . In addition to ruptured cell membranes, we detected some morphologies typical of Leptospirillum cells known to be present at low abundance in the filtrate, as well as rounded objects of highly variable size (average diameter~85 nm; fig. S4) interpreted to be membrane buds. The other abundant cell-like objects are pleomorphic and surrounded by an archaeal-like cell wall with an S-layer. These objects have one or two folded membrane protrusions ( Fig. 4  and fig. S5 ) that somewhat resemble structures of unknown function observed in the crenarchaeon Pyrodictium abyssi (18) . On the basis of 60 measurements (excluding the protrusions), the sectioned cell-like objects have a mean length of 244 nm (range, 193 to 299 nm) and a mean width of 175 nm (range, 129 to 207 nm). The colocalization of DNA stain and probes binding specifically to ARMAN rRNA, the existence of clearly contiguous external membranes, and the presence of an archaeal-type cell wall indicate that these objects are the ARMAN cells. The apparently dense packing of the ribosomes may account for the strength of the fluorescence signal in optical microscope images, despite the small cell size. The TEM data confirm the inference from the filtration experiment that the ARMAN-lineage organisms are extremely small. It has not escaped our attention that if the average cell size estimated from TEM observations is accurate, the ARMAN cells have volumes of <0.006 mm 3 [calculated from the maximum size observed in ultramicrotomed sections (13) ], making them smaller than any other known cellular life form. The smallest known Archaea, of the phylum Nanoarchaea, have cell volumes that range from 0.02 to 0.70 mm 3 (19) . They are obligate parasites of other Archaea (20, 21) . The smallest Bacteria include those described from Greenland ice cores, with cell volumes of 0.04 to 0.10 mm 3 (22) , and members of the SAR11 clade, which inhabit the oligotrophic open ocean and have cell volumes of 0.031 to 0.051 mm 3 (23, 24) . Note that these data do not rule out the possibility of larger cytoplasmic volumes if there are unobserved connections between the objects that appear to be cells.
If the ARMAN cells have volumes of <0.006 mm 3 , and half of the cell volume is occupied by ribosomes, then there is enough room for at least 350 ribosomes of normal size. However, the cells are smaller than the minimum size expected on the basis of theoretic considerations for free-living cells (25) . We have no evidence to suggest that the ARMAN cells are parasitic on other community members. If future work demonstrates that ARMAN cells are viable and have cell volumes of <0.006 mm 3 , it may be necessary to reconsider existing paradigms for the minimum requirements for life.
The ARMAN groups expand the variety of archaea known to be associated with AMD. Further targeted genomic characterization of cells concentrated by filtration should help to elucidate the ecological roles of these tiny, enigmatic, uncultivated microorganisms. Our findings emphasize the possibility that novel organisms with unexpected characteristics remain to be discovered among the relatively low-abundance members of microbial communities. 
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